Polyphenols found in foods and beverages are under intense scrutiny for their potential beneficial effects on human health. We examined the stability of two bioactive polyphenols, epigallocatechin-O-gallate (EGCg) and 1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose (PGG), in a model digestive system at low oxygen tension with and without added digestive components and foods. Both compounds were stable at pH values of 5-6 and below, indicating gastric stability. Both compounds decomposed at pH 7.0. PGG was stabilized in a model system containing pepsin, pancreatin, bile and lipase, and/or baby food, but was not stabilized by dry cereal. EGCg was not stabilized by the addition of any biomolecule. The effects of polyphenols on human health should be evaluated in the context of their stability in the digestive tract with and without added digestive components and/or food.
Introduction
Polyphenol-rich foods may have beneficial effects against cardiovascular disease, various cancers and neurodegenerative diseases (de Pascual-Teresa, Moreno, & Garcia-Viguera, 2010; Neto, 2011; Scapagnini et al., 2011) . Phenolic compounds are potent anti-oxidants and may be anti-inflammatory, but efforts to develop therapeutic agents are focused on polyphenols that have more selective bioactivities. Two polyphenolic compounds that have attracted attention are epigallocatechin-O-gallate (EGCg) and its derivatives, found in green and black tea (Wang & Ho, 2009) , and 1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose (PGG), found in some herbal teas and traditional medicines (Zhang, Li, Kim, Hagerman, & Lu, 2009) (Fig. 1) . EGCg inhibits metalloproteases, protein kinases, proteins involved in DNA replication, and tumor proteosomal activity (Dou, 2009 ). Modes of activity reported for PGG include anti-angiogenesis, inhibition of DNA synthesis, S and G1 phase arrest, and inhibition of apoptosis (Zhang et al., 2009) . Epidemiological studies have demonstrated the beneficial effects of consuming EGCg-rich beverages such as tea (Cooper, 2012) . Promising clinical trials have been conducted with EGCg (Larsen, Dashwood, & Bisson, 2010) , while PGG shows positive effects against breast (Chai et al., 2010) and prostate cancer (Hu et al., 2008) in animal xenograft models.
EGCg and PGG are found in foods or traditional medicines, making them attractive candidates for oral administration. However, orally administered therapeutic agents must exhibit gastrointestinal stability and undergo efficient uptake. Solubility, permeability, stability, and metabolic interconversions may constrain the efficacy of dietary polyphenols, with different polyphenols exhibiting different bioavailabilities (Gao & Hu, 2010; Manach, Scalbert, Morand, Remesy, & Jimenez, 2004; Perez-Jimenez & Torres, 2011) . Metabolic products including products of hydrolysis such as gallic acid from gallotannins, ellagic acid from ellagitannins, and ring fission products of flavan-3-ols from proanthocyanidins may be more bioavailable than the parent compounds (Gao & Hu, 2010; Nakamura, Tsuji, & Tonogai, 2003; Seeram, Lee, & Heber, 2004) .
Few relevant uptake studies have been carried out with PGG, but the available evidence, summarized here, suggests it has limited bioavailability. Although PGG did reach micromolar levels in the serum after administration to mice by intraperitoneal (i.p.) injection, when PGG was administered by oral gavage, plasma levels remained below the limit of detection (sub-micromolar) (Li et al., 2011) . In both experiments, unrealistically high doses (20 mg/kg i.p., 80 mg/kg orally) were used, reinforcing the conclusion that PGG is not bioavailable. Uptake of EGCg has been extensively examined in both human studies and animal models. When mice were fed EGCg at levels similar to typical human dietary ingestion (<1 mg/kg), nM levels of EGCg were achieved in the plasma (Dube, Nicolazzo, & Larson, 2011) . Similar levels were achieved in several human studies in which uptake of EGCg from tea was assessed (Williamson, Dionisi, & Renouf, 2011) . When EGCg was administered by i.p. injection at a similar level (2 mg/kg), much higher plasma levels (0.2 μM) were rapidly achieved (Long et al., 2001) , suggesting that gastrointestinal conditions might adversely affect EGCg bioavailability.
The low bioavailability of dietary polyphenols may be due in part to their lability under conditions of the mammalian digestive tract. For example, EGCg undergoes oxidation and rearrangement reactions at neutral to basic pH and in the presence of dissolved oxygen (Neilson, Bomser, & Ferruzzi, 2007; Wang, Zhou, & Jiang, 2008) . PGG is less susceptible to oxidation (Chen & Hagerman, 2005) but is somewhat susceptible to hydrolysis at physiological pH (Cai, Hagerman, Minto, & Bennick, 2006) . Although both EGCg and PGG are attractive therapeutic agents because of their specific molecular mechanisms of action, and their natural occurrence in foods and traditional medicines, their probable low stability in gastrointestinal conditions could limit their utility. Improved stability could allow for more effective use of natural polyphenols as nutraceuticals and dietary supplements, or as additives to improve food safety (Perumalla & Hettiarachchy, 2011) .
We propose that introducing PGG or EGCg to the digestive system in the presence of foods will improve the stability of these compounds. We test this hypothesis using an in vitro model of the digestive system that includes low oxygen tension, pH conditions, gastrointestinal enzymes/bile, and food components (Hur, Lim, Decker, & McClements, 2011) .
Materials and methods

Chemicals
EGCg was supplied by Douglas Balentine (Lipton Tea Company, Englewood Cliffs, NJ, USA) and PGG was purified by methanolysis (Chen & Hagerman, 2004a ) from commercial tannic acid from Fisher Scientific Company (Waltham, MA, USA). Identity and purity were confirmed using HPLC and mass spectrometry. Gerber® Natural Select commercial baby food (2 nd foods Turkey & Rice Dinner) and General Mills Cheerios® were purchased from a local grocery store. Porcine bile extract, porcine pancreatin, type II porcine lipase, and porcine pepsin were purchased from Sigma Chemical Company (St. Louis, MO, USA). HPLC grade solvents and all other chemicals were from either Fisher Scientific Company or Sigma Chemical Company and were the best grade available.
In vitro digestion
EGCg and PGG were separately subjected to a two-stage in vitro digestion model mimicking the human digestive system (Garrett, Failla, & Sarama, 1999; Green, Murphy, Schulz, Watkins, & Ferruzzi, 2007; Walsh, Zhang, Vodovotz, Schwartz, & Failla, 2003 ). Six conditions were tested for each compound: pH changes, pH changes with digestive components, pH changes with Gerber® baby food, pH changes with Cheerios®, pH changes with digestive components and Gerber® baby food, and pH changes with digestive components and Cheerios®.
The polyphenol was added to 4.4 mL of simulated stomach fluid, comprised of 0.9% saline, 9.1 mM mandelic acid in 0.01 M HCl, pH 2. The polyphenol levels in the simulated stomach were 1.5 mg/mL (1.6 mM PGG, 3.3 mM EGCg). These levels are similar to the average total phenolic content of brewed tea (Astill, Birch, Dacombe, Humphrey, & Martin, 2001) . PGG was also examined at 0.4 mg/mL (0.4 mM). An aliquot of 25 μL was immediately removed for HPLC analysis, and was used to establish the starting amount of phenol for that reaction (100%). The remaining solution was bubbled with nitrogen gas for 5 min before initiating digestion by adding 500 μL of 100 mM HCl or 40 μg/μL pepsin in 100 mM HCl, bringing the pH to 1.8 ± 0.1. A second aliquot of 25 μL was removed for analysis (0 h, pH 1.8) and the remaining solution was sealed and incubated while rotating at 37° C. After 1 h of incubation, another 25 μL aliquot was removed for analysis (1 h, pH 1.8). To the remaining solution, 2140 μL of 0.2 M NaHCO 3 or of NaHCO 3 containing porcine bile extract (2.4 μg/μL), porcine pancreatin (0.4 μg/μL) and type II porcine lipase (0.2 μg/μL) was added, achieving a final pH of 7.0 ± 0.1. The solution was again bubbled with nitrogen before sealing the sample, and incubating while rotating at 37° C for 2 h. After incubation, a final aliquot was removed for HPLC analysis (2 h, pH 7.0).
For the conditions that included the food sources, the food was suspended in the saline solution prior to the addition of the polyphenol. The Gerber® Turkey & Rice Dinner baby food was diluted five-fold with water and 150 μL of the suspension was added to the reaction mixture. Cheerios® were ground to a fine powder with a pestle and mortar and 6.5 ± 0.2 mg was added to the reaction mixture. For EGCg, additional experiments were performed in which the solutions were adjusted to pH 5.0 or pH 6.0 in the first step of the incubation. Samples were taken immediately (0 h, pH 5.0 or 0 h, pH 6.0) and after 1 h of incubation at 37° C after bubbling with nitrogen (1 h, pH 5.0 or 1 h, pH 6.0). Digestive components or food were not added in these experiments.
HPLC analysis
As each aliquot was removed for HPLC analysis, it was mixed with an equal volume of 1% (w/v) sodium lauryl sulfate in water to ensure recovery of all polyphenols including sorbed and insoluble materials. Each sample was centrifugally filtered through a 0.22 μm cellulose acetate membrane (Costar Spin-X® Centrifuge Tube Filter, Fisher Scientific) for 1 m at 7,200 × g and was immediately analyzed by HPLC, with injection into the acidic mobile phase of the HPLC within 5 min of collecting the sample.
The amount of EGCg and PGG in each sample was analyzed by HPLC using an Agilent 1050 system (Santa Clara, CA, USA) equipped with a diode array detector and controlled with Agilent ChemStation software (A.09.03). The system was equipped with two tandem 5 μm Hypersil ODS2 C18 cartridge columns (30×2.1 mm) with a guard column of the same material (Grace Davison, Deerfield IL, USA). Separation was achieved with a gradient of 0.13% trifluroacetic acid (TFA) in H 2 O (A) and 0.1% TFA in acetonitrile (B) at 0.5 mL/min in a 24 min program as follows: starting at 5% B, linear increase to reach 30% B at 11 min and then return to the initial conditions at 20 min followed by 4 min re-equilibration. The injection volume was 5 μl, and the eluent was monitored at 220-400 nm. Analyte and internal standard were analyzed by integrating the signal at 220 nm, which achieved maximal sensitivity with negligible background noise, using Agilent Chemstation A.09.03.
Data Analysis
Each condition was replicated three times and data were normalized based on the recovery of mandelic acid (Duval, 1962) . Data were statistically analyzed using GraphPad Prism 4.03 (GraphPad Software, Inc., San Diego, CA).
Results and discussion
Gastrointestinal pH
The stability of EGCg and PGG in the mammalian digestive system was evaluated using solutions at pH 1.8 ± 0.1, similar to the stomach, and at pH 7.0 ± 0.1, similar to the duodenum, under reduced oxygen concentration (Kararli, 1995) . Both EGCg and PGG were stable at pH 1.8 but in the absence of food or digestive components, 90% of the EGCg was lost and 80% of the PGG was lost during the 2 h incubation at pH 7.0 (Table 1 ). In the absence of added biomolecules, these two polyphenols were not stable at pH 7.0 even when oxygen concentrations were very low.
Although the pH of the stomach during fasting or ingestion of beverages is about 1.8-2.0 (Nagita et al., 1996) , during food digestion the pH is dynamic, with values reaching pH 5.4-6.2 immediately after a meal but falling back to less than pH 2 within 3 h (Tyssandier et al., 2003) . Normal salivary pH ranges from 6.4-8.0 (Giudicelli, Freslon, & Richer, 1979) . To evaluate how a broader range of salivary and gastric pH values affects polyphenol stability, we adjusted the starting pH of the model digestive system to pH 5.0 or pH 6.0. We found that EGCg was stable at pH 5, with no differences in recovery between pH 5.0 and pH 1.8 (data not shown). About 70% of the initial EGCg was recovered after 1 h incubation at pH 6.0, compared to only 12% at pH 7.0 (Table 1) . The pH-dependence of EGCg stability that we observed is consistent with the reported half lives of more than 3 h and 1 h, respectively, for EGCg at pH 5 and 7.2 (Zhu, Zhang, Tsang, Huang, & Chen, 1997) . PGG is stable for hours in solutions at pH 6.7 or lower (Cai et al., 2006; He, Shi, Yao, Luo, & Ma, 2001 ).
At pH 7.0, EGCg decomposed to products that were more highly retained than the starting material and were barely detectable with diode array detection (Fig. 2a) even at wavelengths as low as 205 nm (data not shown). These products were probably the homodimers that are formed by oxidative decomposition of EGCg (Neilson et al., 2007) . The products of EGCg hydrolysis, gallic acid (1.3 min) and epigallocatechin (4.4 min), were not detected (Fig. 2a) . At pH 7.0, PGG decomposition products included small amounts of compounds that coeluted with pyrogallol (1.2 min) and gallic acid (1.3 min) or with lower galloyl esters of glucose such as tetragalloyl glucose and trigalloyl glucose (5.4-10 min) (Fig. 2b) . However, most of the PGG was converted to products that were not detectable with our diode array HPLC, consistent with previous reports that PGG oxidation yields quinones that are difficult to separate and detect by HPLC (Chen & Hagerman, 2005) .
Self-association of polyphenols
Some polyphenols are significantly self-associated in solution, and we speculated that aggregation might influence stability. We used self-association constants for PGG and EGCg at27 °C in solutions at pH 3.8 containing 10% organic solvent to estimate selfassociation in our system (Charlton et al., 2002) . Based on Charlton's values, we estimated that 50% of the PGG was aggregated in our standard reaction mixtures (1.6 mM PGG), but that only 15% was aggregated when the PGG concentration was 0.4 mM. In the model digestion conditions PGG decomposition was independent of concentration over this concentration range (data not shown), leading us to conclude that self-association did not influence PGG stability. EGCg has a much lower self-association constant than PGG (Charlton et al., 2002) , so we estimated that only about 10% of the EGCg was aggregated at our standard concentration of 3.3 mM EGCg.
Digestive biomolecules and food
To more completely simulate the mammalian digestive system, pepsin was added to the pH 1.8 samples, and pancreatin, lipase and bile were added to the pH 7.0 samples. In some samples, we added powdered Cheerios® cereal or Gerber® turkey-rice dinner baby food (Garrett et al., 1999) . At each step of each reaction, the pH was adjusted after addition of the digestive components or foods to ensure that buffering effects of the biomolecules were not affecting the final pH.
Added biomolecules significantly stabilized PGG (Table 1) . PGG was partially stabilized by addition of digestive components or by addition of baby food alone or in combination with digestive components, but PGG was not stabilized by addition of Cheerios® alone (Table 1) . The highest recovery of PGG was achieved in samples containing Cheerios® plus the digestive components (Table 1) . Addition of digestive components, food, or a combination of both did not stabilize EGCg at pH 7.0 (Table 1) . At the end of the digestive process, only 10% of the EGCg was recovered for all treatments tested (Table 1) , similar to the recovery of EGCg in an earlier study of artificial digestion of a mixture of green tea catechins (Green et al., 2007) . In contrast to our results in which none of the added components stabilized EGCg, for the mixture of green tea catechins there was significant stabilization by added milk, ascorbic acid, or juice additives (Green et al., 2007) . Further studies are needed to evaluate the different abilities of various foods and other additives to stabilize EGCg, and to establish the role of mixtures vs. pure phenolic compounds. For example, we have noted that EGCg is destabilized by methyl gallate (Min Li, Miami University, Oxford, OH personal communication) .
We propose that stabilization of PGG by digestive components or foods may be a consequence of interaction between the polyphenol and protein or other biomolecules. PGG interacts strongly with protein in a pH-dependent fashion and readily forms highly crosslinked, insoluble complexes (Chen & Hagerman, 2004b; Hagerman, Rice, & Ritchard, 1998) . The tendency of PGG to form multivalent complexes with protein could mask reactive moieties on the polyphenol, or could alter the polarity of the local microenvironment to change polyphenol reactivity. Earlier experiments that suggested that unoxidized EGCg binds protein relatively inefficiently (Hagerman, Dean, & Davies, 2003) have been confirmed by more recent experiments that show that EGCg does not readily form cross linked complexes with protein (data not shown). The limited ability of EGCg to interact with protein may explain why EGCg was not stabilized by added components in our model digestive system. In contrast, specific interactions between EGCg and specific thiols on proteins such as human serum albumin do provide stabilization of the phenolic under aerobic conditions (Bae et al., 2009 ).
Although added biomolecules stabilized PGG, protein-complexed polyphenol may have limited bioavailability. In Caco cell models, PGG transport is diminished when the salivary protein 1B4 is present, presumably because the PGG-protein complex is not efficiently transported (Cai et al., 2006) . In human studies, foods or dietary proteins consumed simultaneously with tea catechins such as EGCg decrease bioavailability (Chow et al., 2005) (Egert et al. 2012) . Formulation of modified foods such as edible films may further alter polyphenol stability during digestion (Lopez de Lacey et al., 2012) .
Our digestive mixture included bile, which serves as an emulsifier during digestion, and which may form micelles in the gastrointestinal tract (Hur et al., 2011) . We speculated that polyphenol interaction with lipids could provide stabilization in mixtures with the digestive components. PGG is much more hydrophobic than EGCg, and interacts more strongly with phospholipids than EGCg (Yu, Chu, Hagerman, & Lorigan, 2011) , consistent with the stabilization by digestive components we noted for PGG but not for EGCg. Just as interactions with protein may stabilize PGG but decrease its bioavailability, there is some evidence that interactions with amphiphilic molecules might decrease PGG bioavailability. In an in vivo study, i.p. injection of PGG in 2% Tween 80-water vehicle gave much lower plasma levels than i.p. injection in 5% ethanol-saline (Li et al., 2011) .
Conclusions
In our in vitro system, added biomolecules and/or food significantly stabilized PGG but had no effect on EGCg stability. The ability of digestive tract components to stabilize polyphenols is an important contribution to understanding the fate and effect of these bioactive molecules. Our data suggest that polyphenols will have different fates and effects depending on whether they are ingested as compounds, as constituents of beverages, or as constituents of foods. For supplements, fates will depend on carriers added to the supplement, and on whether the supplement is consumed with or without foods.
Highlights for Krook and Hagerman (2012)
• Pentagalloyl glucose (PGG) & epigallocatechin gallate (EGCg) are food polyphenols
• Polyphenols PGG & EGCg are stable to in vitro digestion at pH < 6
• Polyphenols PGG & EGCg are destroyed during low oxygen, in vitro digestion at pH 7
• Polyphenol PGG is protected from destruction during digestion by added biomolecules
• Polyphenol EGCg is not protected during digestion by added biomolecules Representative chromatograms of EGCg (a) and PGG (b) at the beginning and end of the simulated digestion without added biomolecules. The top trace in each chromatogram is the sample collected immediately after the polyphenol was mixed with the mandelic acid and the pH 1.8 HCl-saline solution. The bottom trace is the sample collected after the sample had been incubated for 2 h at pH 7.0. In each case, the sample was collected, mixed with an equal volume of 1% SDS, and immediately analyzed by reversed phase HPLC with detection at 220 nm, using a gradient of acetonitrile-water modified with 1% trifluoroacetic acid. MA, mandelic acid (internal standard). 
